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Abstract 

We investigate the spectrum of the lightest states of N = 1 Super 
Yang-Mills. We first study the spectrum using the recently extended 
Veneziano Yankielowicz theory containing also the glueball states be- 
sides the gluinoball ones. Using a simple Kahler term we show that 
within the effective Lagrangian approach one can accommodate either 
the possibility in which the glueballs are heavier or lighter than the 
gluinoball fields. 

We then provide an effective Lagrangian independent argument 
which allows, using information about ordinary QCD, to deduce that 
the lightest states in super Yang-Mills are the gluinoballs. This helps 
constraining the Kahler term of the effective Lagrangian. Using this 
information and the effective Lagrangian we note that there is a small 
mixing among the gluinoball and glueball states. 



1 Introduction 



Strongly interacting supersymmetric gauge theories are much studied since, 
in many respects, they resemble Quantum Chromodynamics. Theoretically 
we already know a great deal about supersymmetric gauge theories which are 
closer to their non supersymmetric cousins, namely N — 1 supersymmetric 
gauge theories, see [T] for a review. Here we show that it is also possible to use 
the present experimental knowledge of QCD to learn about super Yang-Mills 
non perturbative dynamics. 

Gaining information on the spectrum of N — 1 super Yang-Mills is the 
goal of this paper. We will provide a definite answer to the question of 
which state is the lightest supersymmetric state in super Yang-Mills. We 
will compare the R = 2 sector of the theory whose representative is the 
gluinoball superfield with the R = sector, which is a glueball state. We 
will study the mixing as well. 

The tools we will use to make our predictions are: i) The newly extended 
Veneziano and Yankielowicz (VY) [2] effective Lagrangian which, besides the 
R = 2 sector, consistently includes the R = sector ii) The relation 
between QCD with one flavor and super Yang-Mills recently advocated in 
[3] and further studied in To make such a correspondence one uses a 
large N limit in which a Dirac fermion is in the two index antisymmetric 
representation of the SU (N) gauge theory. This limit was first introduced in 
[S] and further studied in jjj; iii) The knowledge of the QCD spectrum from 
experiments and lattice computations. 

Our exploration starts with the effective superpotential built in terms 
of two chiral superfields constituting the minimal set of superfields needed 
to fully describe the vacuum of super Yang-Mills [21 El- The two chiral 
superfields are respectively the R = 2 gluinoball chiral superfield and the 
R = glueball chiral superfield. To be able to discuss the spectrum we 
augment the superpotential by a Kahler term. We then proceed to show 
that within the effective Lagrangian approach one can accommodate either 
the possibility in which the glueballs are heavier or lighter than the gluinoball 
fields. This is not too surprising since, even though the superpotential in [3] 
has no free parameters, the Kahler term is not constrained. However once 
the mass ordering of the states is determined this effective theory can be used 
to understand the mixing between these states. 

Using the information about ordinary QCD and the large N relation 
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discussed above 1 we predict the gluinoball to be lightest state of super Yang- 
Mills. 

The knowledge of which state is the lightest is then used to constrain the 
effective Kahler term. This allows us to show that the mixing among the 
gluinoball and glueball is small. 

The paper is organized as follows. In section 2 we study the N = 1 SYM 
spectrum via the extended VY effective Lagrangian. In section 3 we provide 
the Lagrangian free prediction of which is the lightest state of super Yang- 
Mills while in section 4 we compare our results with existing lattice results. 
We finally conclude in section 5. 



2 Spectrum via Extended VY Lagrangian 

Effective Lagrangians are an important tool for describing strongly interact- 
ing theories in terms of their relevant degrees of freedom. The well known 
VY effective Lagrangian constructed in [2] economically describes the vac- 
uum structure of super Yang-Mills. It concisely summarizes the symmetry of 
the underlying theory in terms of a "minimal" number of degrees of freedom 
which are encoded in the superfield S 

where W a is the supersymmetric field strength. When interpreting S as an 
elementary field it describes a gluinoball and its associated fermionic partner. 
In this paper we follow the notation introduced in j^J. 

Besides the gluinoballs with non zero -R-charge also glueball states with 
zero R charge are important degrees of freedom. These states play a relevant 
role when breaking supersymmetry by adding a gluino mass term [Hj. This 
is so since the basic degrees of freedom of the pure Yang-Mills theory are 
glueballs. Further support for the relevance of such glueball states in super 
Yang-Mills comes from lattice simulations And finally it has been shown 
in j3] that these new states are needed to provide a more consistent picture 
of the vacuum of super Yang Mills via an effective Lagrangian description. 

Such a correspondence has also been analyzed within the string theory approach jHj. 
Also recently the phase diagram of theories in higher representations was carefully studied 
in j^j providing very interesting new results. In [§| I1U| was also realized the relevance 
of strongly interacting theories with fermions in higher representations for the dynamical 
breaking of the clcctroweak symmetry. 
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However no physical glueballs appear in the VY effective Lagrangian. In 
this paper we employ the extended VY Lagrangian, provided in [3], which 
takes into account the glueball states via the introduction of a chiral super- 
field x with the proper quantum numbers. The constraint used to construct 
the effective superpotential involving S and x nas been to reproduce the 
anomalies of super Yang-Mills while keeping unaltered the vacuum structure. 
This led to a general form of the superpotential in terms of an undetermined 
function of the chiral field f( X )- It has, nevertheless, been possible to moti- 
vate a specific form for f(x) which has a number of amusing properties. For 
example the N vacua of the theory emerge naturally when integrating out 
the glueball superfield x as suggested first in ^2]- This intriguing relation 
seems moreover to have a natural counterpart in the geometric approach to 
the effective Lagrangian theory proposed by Dijkgraaf and Vafa ^3]. An- 
other important check is related to supersymmetry breaking. When adding 
a gluino mass to the theory the same choice of the function f(x) leads to a 
Kahler independent part of the "potential" which has the same functional 
form of the glueball effective potential for the non supersymmetric Yang-Mills 
theory developed and used in [T3] . 

In |3] the focus was on the properties of the theory which depends solely 
on the superpotential which reads: 



W[S, X ] = ™s 



(q \ N 
-j -N-Nln(-e^ln X N ) 



(2) 



where S is the gaugino bilinear superfield (S — (p + V29ij + 6 2 F) and x 
describes the R = glueball type degrees of freedom, ( X — fx + V^dtp x + 

A Kahler is needed for computing the spectrum. VY suggested the sim- 
plest Kahler for S, i.e. (.SS^) 1 / 3 which does not upset the saturation of the 
quantum anomalies. We modify the VY Kahler to provide a kinetic term 
also for x as follows: 

Q N 2 

K(S,S\ X , X i) = f_(55t)iA»(i + 7XX t) ( 3 ) 
a 

where 7 is a positive number. A more general Kahler can be constructed 
with an arbitrary function of x an d X ■ We however expect the simplest 
choice to provide a reasonable description of the mass spectrum. 
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To compute the potential of the theory we need the Kahler metric which 



is: 



Am 



[dim] 



11 T 



with gi 



d 2 K 



dip l dip m 

and ip 1 = ip while ip 2 = tp x . The potential is then 



V [<P > fx\ 



dW lm dW^ 

g 



(4) 



(5) 



dtp 1 dip™ 

Given the extended VY Lagrangian and the simple Kahler term we intro 
duced we derive 



V [<P > fx] 



(<p<pY 



AN 2 a 
9 



In 



-&p x In <p x 



l 1 + 1<Px<Px) 
97 



In ip x + 1 
ip x \mp x 



31n<y9 x \— eif x lmp x J 31mp x \ — eif x ln ip x / 

The potential is bounded from below and has a well defined global minimum. 

We now turn to the spectrum. Since the theory is supersymmetric, it 
is sufficient to investigate only the bosonic sector. Holomorphicity of the 
superpotential also guarantees degeneracy of the opposite parity states. 

Before providing the mass eigenvalues and eigenstates and to build up 
our intuition it is very instructive to consider the two following limits. 

2.1 Integrating out % 

Eliminating \ y i a its equation of motion at the superpotential level: 

^d^O, (7) 

yields 

X = Ve ■ (8) 
Here we are restricting ourself to the first branch of the logarithm in order 
to determine the spectrum. The effective Lagrangian is the VY one with a 
replaced by a/(l + 7/e 2 ). The supersymmetric spectrum for the S superfield 
is: 



(6) 
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2.2 Integrating out S 



It is also interesting to construct the effective Lagrangian for x after having 
integrated out S. The equation of motion for S reads: 

yielding 

S = -eA 3 X ln X . (11) 
The effective theory for \ is then 

2N 2 r 

+ eA 3 / d 2 #xlnx + cc. , (12) 
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while the common mass of the components of the chiral superfield x is 

2 ae 2 . , . 

M x = — A . 13 

x 27 7 y ' 

In the left panel of figure ^ we plot the spectrum for the two limiting theories 
as a function of 7 after setting a to one. The dashed line represents Ms 
after having integrated x ou ^ while the dotted line is M x after S has been 
integrated out. Notice that there is a value of 7 above which the x superfield 
is lighter than the gluinoball field S. 



2.3 The spectrum and mixing from the effective theory 

Diagonalizing the full potential we derived the mass eigenvalues. They are 
plotted in the left panel of figure Q as a function of the unknown parameter 
7 while we fixed a to one. The two continuous lines correspond to the 
physical eigenvalues obtained within our theory. At small 7 we have the 
glueball state heavier than the gluinoball state. It is amusing to observe 
how well the limiting case for x approximates the physical spectrum at small 
and large 7. Comparing with the glueball spectrum, obtained after having 
integrated out the S field, we can say that for 7 large enough there is an 
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inversion and the glueball state is lighter than the gluinoball state. In order 
to make the statement more precise we define the physical states as: 

(Light) = costf | J R = 2)+sintf |# = 0) , 

|Heavy) = - sin$ \R = 2) + costf \R = 0) , (14) 

where | Light (Heavy)) corresponds to the lightest (heaviest) eigenstate. The 
state with R = 2 is the pure gluinoball and the R = state is the pure 
glueball type state. The mixing angle 2 as function of 7 is presented in the 
right panel of figure ^ 

At large 7 the lower curve corresponds mainly to an R = state. At 
small 7 we have that the lightest state is mainly R = 2 while the heavy one 
is an R = state. We can then say that at small 7 the gluinoball is the 
lightest of the two chiral superfields. Although our superpotential has no 
free parameters the spectrum depends on the Kahler coefficient 7. 

3 Using QCD to determine the lightest super 
Yang Mills state. 

From the previous analysis we learned that the extended VY superpotential 
[3| while correctly describing the vacuum of SYM alone is not sufficient to 
disentangle the puzzle of which state is the lightest in super Yang-Mills. We 
have shown that the poor knowledge of the Kahler term, when two heavy 
chiral superfield are considered simultaneously, heavily affects the effective 
Lagrangian ability of making general predictions for the mass ordering of the 
chiral supermultiplets. 

We note, however, that in the literature O CHI Ej it has been argued, 
using an effective Lagrangian constructed via a three form superfield ap- 
proach, that the glueball states, in the supersymmetric limit are lighter than 
the gluinoball states. This would correspond to the region of 7 > 1 in our 
case. 

2 To determine the mixing angle we have first diagonalized the kinetic term. This 
yields the first contribution to the mixing between the R = 2 and R = states. We have 
canonically normalized the resulting states and finally diagonalized the resulting potential. 
The angle presented in the figure is the resulting mixing angle due to the combined action 
of the two rotation matrices needed to fully diagonalize the system. 
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Figure 1: Left panel: Physical spectrum as function of 7. The dashed (M$) 
and the dotted line (M x ) correspond respectively to the case in which \ or S 
were integrated out. The two continuous, not straight lines, correspond to the 
heavy (thick-line) and light (thin-line) physical eigenvalues. At small 7 we 
have the glueball state heavier than the gluinoball state. For 7 large enough 
there is an inversion and the glueball state is lighter than the gluinoball state. 
Right Panel: Mixing angle as function of 7 



The burning question is: Can we construct an argument in favor of a cer- 
tain general ordering pattern which does not rely on the Kahler's ambiguities 
of the effective Lagrangian theory ? 

The answer is positive. In fact we can make use of a recent correspondence 
which, at large N, maps the non barionic and bosonic sector of SU(N) Yang 
Mills theory with one massless Dirac fermion in the two index antisymmetric 
(symmetric) representation in the bosonic sector of SYM Interestingly 
the two index antisymmetric representation for three colors is QCD with one 
flavor jB]. To be more specific we can map directly the complex gluinoball 
state into the ordinary 7/ particle and the associated scalar partner of one 
flavor QCD. The super Yang-Mills glueball states are also mapped directly 
in the ordinary glueball states. 

In jS] one was also able to compute the leading 1/N corrections and make 
more quantitative predictions from the use of the large N correspondence for 
fermions in the two index antisymmetric as well as the two index symmetric 
representation of the gauge group. 

When restricting our attention to the two index antisymmetric theory 
which interpolates between QCD and super Yang-Mills, till now such a rela- 
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tion has been used to make |UISj statements about QCD from the knowledge 
of super Yang- Mills. 

Here we will do the converse, i.e. we use well known properties of QCD 
to make physical predictions for SYM. Since this is a large N type corre- 
spondence we admit, upfront, that our predictions are affected by a 30% 
error which should however be confronted with the ignorance of the effective 
Lagrangian's Kahler term as well as the not definitive lattice results. Notice 
that the poor knowledge of the Kahler does not reduce the power of the 
effective Lagrangian for SYM. Having a compact description of gluino and 
glueball state and the associated vacuum properties is still very relevant. The 
approach of this subsection complements the effective Lagrangian one while 
providing new constraints on the Kahler structure. 

We start by considering QCD with one massless flavor. Here the low 
lying composite fields made prevalently of glue are heavier than the low 
lying mesons while the true lightest states are the rf and the associated 
scalar meson 3 . 

We can be more precise. We can estimate the one flavor 7/ mass by taking 
the experimental value of the 3 flavor QCD eta prime mass reported on the 
Particle Data Group (PDG) which is (957.78 ± 0.14) Mev [IE] and then use 
the Veneziano-Witten formula: 

Mj[l flavor] = ^Mj,[3 flavor] . (15) 

For the scalar partner the experimental situation is more delicate [19] . Al- 
though one might be tempted to use the mass of the particle /o(600) quoted 
in the PDG ^H] and investigated in much detail in [20], this state is not 
a qq state [2J. A better candidate for the scalar partner of the 7/ is the 
/o(1370) [THl I20| . which is heavier than the 77'. This is also consistent with 
the predictions of [5]. We can average the scalar and pseudoscalar mass for 
three flavors and then use again the Veneziano-Witten formula, yielding as 
a common mass: 

Mq q [l flavor] « 672. MeV . (16) 

From the lattice formulation of pure Yang-Mills we have that the lightest 
scalar glueball is in the range of 1730 Mev [22] and the pseudoscalar glueball 
is 2590 Mev [22] yielding as a common averaged mass 

Mgiucbaii « 2.16 GeV . (17) 

3 There is a well known mixing between ij' and r\ |18| which can be neglected here. 
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We now neglected the small Nf dependence. It is then clear that the glueballs 
are much heavier than the lightest massive scalar and pseudoscalar qq state. 

This is even more evident when considering the large N expansion a la 't 
Hooft 4 . Here it turns out that the rj' becomes very light at large N while 
the glueball masses remain large and do not scale to zero. We conclude that 
the splitting between the low lying mesonic states and the glueball states in 
one flavor QCD is large in comparison to the invariant scale of the theory: 

Al-Flavor = M ^ « 5 - 7 , (18) 

for a A « 200 - 300 MeV. 

We then expect that in super Yang-Mills the splitting between the glueball 
and the gluinoball is 

Asym ~ Ai_Fiavor up to 30% corrections . (19) 

This finally suggests that the lightest state in super Yang Mills is the 
gluinoball. When adding a mass to the gluino we expect that at sufficiently 
large masses, with respect to the invariant scale of the theory, the gluinoball 
states becomes heavier than the glueball field. In figure El we provide the 
spectrum as a function of the gluino mass. 

The information that the glueball is heavier than the gluinoball implies 
that the coefficient 7 appearing in our Kahler is less than one. This means 
that the mixing between the R = sector, i.e. the glueballs, and the R = 2 
is small. 



4 Spectrum of super Yang-Mills theory from 
lattice results 

In this section we compare our previous expectations with Monte Carlo 
results for N — 1 super Yang-Mills theory with dynamical light gluinos, 
(2211211 1213 12HH2Z!, where the bound state mass spectrum is investigated. The 
formulation of Curci and Veneziano [2H] which uses Wilson-type fermions has 
been used here 5 . 

4 We thank R. Narayanan for suggesting also this argument. 
Simulations of super Yang-Mills with domain wall fermions were studied in [2§|. 
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Figure 2: Spectrum of the theory as a function of the gluino mass. The 
thick (thin) line represents the glueball (gluinoball) mass scale. Using the 
correspondence with QCD (lower end of the diagram) we set the relative 
ordering of the spectrum in the super Yang Mills case. We then add a 
gluino. There will, certainly, be a value of the gluino mass of the order of the 
confining scale above which the gluinoball states is heavier than the glueball 
state. The corresponding theory is indicated in the figure with YM*. For 
sufficiently large gluino masses the gluino decouples and one is left with the 
pure YM theory. 



In the numerical simulations with light gluinos a gluino bare mass is 
introduced which breaks supersymmetry softly. In the Curci and Veneziano 
formulation the supersymmetric limit coincides with the chiral limit and by 
studying, for example, the pattern of chiral symmetry breaking, through 
the study of the first order phase transition of the gluino condensate it is 
then possible to determine the value of the critical hopping parameter which 
corresponds to the supersymmetric (chiral) limit (i.e. zero gluino mass). It 
is also possible to determine the gluino massless limit from the study of the 
supersymmetric Ward-Takahashi identities. 

The restoration of supersymmetry can be checked through the study of 
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the sup ersymmetry mult iplets. Lattice simulations, |2"H j l24 | l2"5 | l2(i | l27|. have 
been performed for four scalar degrees of freedom and two Majorana fermions. 
They show a non-trivial mass spectrum of the SYM theory with an 577(2) 
gauge group. More in detail, [23], the lightest bound state with almost 
the same mass are the glueball + and the pseudoscalar component of the 
gluinoball field, while the heavier supermultiplet contains the pseudoscalar 
glueball state 0~ and the scalar gluinoball, also degenerate in mass. The 
mass difference between states of opposite parity is bigger than the gluino 
mass used for the simulations (21] • This implies that it does not seems to be 
an effect of softly broken supersymmetry, as has been also stressed in |17j . 

Recently, j2Zj, results for larger lattices near the supersymmetric point 
are presented. The analysis of the spectrum in [21] shows, interestingly, that 
the pseudo scalar gluinoball is lighter than the other two particles of the 
lightest supermultiplet at the value of the gluino mass measured. The latter 
findings seem to be more consistent with our results. These also give further 
evidence that the older lattice simulations were describing an intermediate 
regime in which supersymmetry is still badly broken. 

5 Conclusions 

We have investigated the spectrum of the lightest states of N — 1 super 
Yang-Mills. The spectrum was first studied using the recently extended 
Veneziano Yankielowicz theory containing also the glueball states besides 
the gluinoball ones. We have shown that by adopting a simple Kahler term 
the effective Lagrangian approach can accommodate either the possibility 
in which the glueballs are heavier or lighter than the gluinoball fields. To 
resolve the ambiguity we have provided an effective Lagrangian independent 
argument. We used the information about ordinary (one-flavor) QCD and 
the recent map into the bosonic sector of SYM 4] to deduce that the lightest 
states in super Yang-Mills are, indeed, the gluinoballs. This observation 
helps constraining the Kahler term of the effective Lagrangian. Using this 
information and the effective Lagrangian we have then shown that there is a 
small mixing among the gluinoball and glueball states. 

Finally we conclude that the lightest state is the gluinoball field and it 
has a small mixing with the glueball state. This supports the use of the VY 
effective theory with the inclusion of the glueball state [3] needed to provide 
a more consistent description of the non perturbative aspects of the super 
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Yang-Mills vacuum. Due to the small mixing between the glueball and the 
gluinoball it is reasonable to compute the super Yang-Mills spectrum via 
the effective Lagrangians at zero and non zero gluino masses [SU] o r for the 
orientifold theories at finite N j^J- Our results also indicate that previous 
lattice simulations were still far from the supersymmetric limit. 
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